Abstract. We previously identified 9 genes and chromosomal region 3q28 as susceptibility loci for Japanese patients with myocardial infarction, ischemic stroke, or chronic kidney disease by genome-wide or candidate gene association studies.
Introduction
Hypertension is a complex multifactorial disorder that is thought to result from an interaction between an individual's genetic background and various lifestyle and environmental factors (1) . The genetic influence on blood pressure (BP) variability has been estimated at 30-60% for a given individual (2) , and the genetic heritability of hypertension estimated at 30% (3) . Given that hypertension is a major risk factor for coronary artery disease, ischemic and hemorrhagic stroke, as well as chronic kidney disease (4) (5) (6) , the personalized prevention of hypertension is an important public health goal.
Genome-wide association studies have identified various loci and genes associated with BP or to a predisposition to hypertension in Caucasian populations (7) (8) (9) (10) (11) or African Americans (12) . Although the genes for adducin 2 (13) and ATPase, Ca 2+ transporting, plasma membrane 1 (14) have been shown to be susceptibility loci for hypertension in Japanese individuals, the genes that confer susceptibility to this condition in Japanese individuals remain to be identified definitively.
We have previously identified 9 genes and chromosomal region 3q28 as susceptibility loci for myocardial infarction, ischemic stroke, or chronic kidney disease in Japanese individuals by genome-wide (15) (16) (17) or candidate gene (18) (19) (20) association studies. Given that hypertension is an important risk factor for these conditions (4-6), we hypothesized that certain single nucleotide polymorphisms (SNPs) at these 10 loci may contribute to their genetic suscep tibility by affecting the susceptibility to hypertension. Therefore, the purpose of the present study was to examine the possible association of 13 SNPs at these 10 loci with the prevalence of essential hypertension or their association with BP in community-dwelling Japanese individuals.
Association of genetic variants with hypertension in a longitudinal population-based genetic epidemiological study

Materials and methods
Study population. Study subjects comprised 6,027 communitydwelling individuals (2,250 subjects with essential hypertension and 3,777 controls) who were recruited to a population-based cohort study in Inabe City (Inabe Health and Longevity Study), Mie Prefecture, Japan. The Inabe Health and Longevity Study is a longitudinal genetic epidemiological study of atherosclerotic, cardiovascular and metabolic diseases (21) (22) (23) (24) (25) (26) . The subjects were recruited from individuals who visited the Health Care Center of Inabe General Hospital for an annual health checkup, and they are followed up each year. A total of 6,027 individuals was registered between March 2010 and September 2012, and genomic DNA was extracted from the venous blood cells of these subjects and stored in the genomic DNA bank of the Research Center for Genomic Medicine at Mie University. For all the participants, medical examination data obtained from April 2003 to March 2014 (11 years) were entered into a database. If individuals had a medical checkup 2 or more times per year, data from one time point for each year were entered, so that each subject had one set of health data for each year they had attended the clinic. All participants thus had undergone 1-11 medical examinations, and the average follow-up period was 5 years.
Subjects with hypertension either had a systolic BP of ≥140 mmHg or a diastolic BP of ≥90 mmHg (or both) or had taken anti-hypertensive medication. The control individuals had a systolic BP of <140 mmHg and a diastolic BP of <90 mmHg, as well as no history of hypertension or of taking any anti-hypertensive medication. BP was measured at least twice with the subjects having rested in the sitting position for >5 min; the measurements were taken by a skilled physician or nurse according to the guidelines of the American Heart Association (27) . The study protocol complied with the Declaration of Helsinki and was approved by the Committees on the Ethics of Human Research of Mie University Graduate School of Medicine and Inabe General Hospital. Written informed consent was obtained from all subjects prior to enrollment in the study.
Selection and genotyping of polymorphisms. The 13 SNPs examined in the present study (Table I) were selected from our previous genome-wide (15) (16) (17) or candidate gene (18) (19) (20) association studies. Wild-type (ancestral) and variant alleles of the SNPs were determined from the dbSNP database (National Center for Biotechnology Information, Bethesda, MD, USA) (http://www.ncbi.nlm.nih.gov/SNP).
Venous blood (5 ml) was collected into tubes containing 50 mmol/l ethylenediaminetetraacetic acid (disodium salt), and peripheral blood leukocytes were isolated and genomic DNA was extracted from these cells with the use of a DNA extraction kit (SMITEST EX-R&D; Medical and Biological Laboratories, Nagoya, Japan). The genotypes of the 13 SNPs were determined at G&G Science Co., Ltd. (Fukushima, Japan) by a method that combines the polymerase chain reaction and sequence-specific oligonucleotide probes with suspension array technology (Luminex, Austin, TX, USA). The primers, probes and other conditions for the genotyping of the SNPs examined in the present study are shown in Table II . Detailed genotyping methodology was as described previously (15, 16, 28) .
Statistical analysis. Quantitative data were compared between the subjects with hypertension and the controls with the unpaired Student's t-test. Categorical data were compared with the χ 2 test. We examined the association of the 13 SNPs with the prevalence of hypertension or their association with systolic, diastolic, or mean BP based on a 5-year longitudinal cohort study. Longitudinal changes in the prevalence of hypertension were compared between 2 groups (the dominant or recessive genetic model) with a generalized estimating equation, as previously described (29) and with adjustment for age, gender, body mass index (BMI) and smoking status. Longitudinal changes in systolic, diastolic, or mean BP in all the individuals Non-gene region rs9846911
The minor allele in Japanese individuals was determined by the allele frequency of HapMap-JPT in dbSNP. SNPs, single nucleotide polymorphisms.
or in the individuals not any taking anti-hypertensive medication were compared between 2 groups (the dominant or recessive model) in a generalized linear mixed-effect model, as previously described (30) 
Results
Characteristics of the 6,027 study subjects (3,352 males, 2,675 females) with regard to all measurements in a 5-year follow-up are shown in Table III . Characteristics of the subjects with hypertension and the controls according to crosssectional analysis in March 2014 are shown in Table IV . Age, the frequency of the male gender, BMI and the prevalence of smoking were greater in the subjects with hypertension than in the controls. The association of the 13 SNPs with the prevalence of hypertension was analyzed with a generalized estimating equation and with adjustment for age, gender, BMI and smoking status ( Table V) . The rs2116519 (C→T) SNP of the family with sequence similarity 78, member B gene (FAM78B, recessive model), rs6929846 (T→C) of the butyrophilin, subfamily 2, member A1 gene (BTN2A1, dominant model), rs146021107 (G→-) of the pancreatic and duodenal homeobox 1 gene (PDX1, dominant model) and rs1671021 (G→A) of the lethal giant larvae homolog 2 gene (LLGL2, dominant model) were significantly (P<0.05) associated with the prevalence of hypertension.
The association between the prevalence of hypertension and age analyzed longitudinally with a generalized estimating equation according to the SNP genotype is shown in Fig. 1 . The prevalence of hypertension was greater in the combined group of subjects with the TT or TC genotypes of rs2116519 of FAM78B than in those with the CC genotype from 40 to 90 years of age (Fig. 1A) , in the combined group of subjects with the CT or TT genotypes of rs6929846 of BTN2A1 than in those with the CC genotype (Fig. 1B ), in subjects with the GG genotype of rs146021107 of PDX1 than in the combined group of subjects with the G/-or -/-genotypes (Fig. 1C) , and in the combined group of subjects with the AG or GG genotypes of rs1671021 of LLGL2 than in those with the AA genotype (Fig. 1D) .
Given that 4 SNPs were significantly associated with hypertension, the association of these SNPs with systolic, diastolic, or mean BP in all individuals or individuals not taking any anti-hypertensive medication were analyzed with a generalized linear mixed-effect model, with adjustment for age, gender, BMI and smoking status (Table VI) . The rs6929846 polymorphism of BTN2A1 was significantly associated with systolic, diastolic and mean BP in the dominant model among all individuals or individuals not taking any anti-hypertensive Table II . Primers, probes and other conditions for the genotyping of the 13 SNPs examined in the present study.
Gene or medication, with the T allele being associated with an increased BP. The rs146021107 SNP of PDX1 was significantly associated with systolic BP in the dominant model among all individuals or individuals not taking any anti-hypertensive medication, with the G allele being associated with an increased BP. The rs2116519 polymorphism of FAM78B was significantly associated with diastolic BP in the recessive model among individuals not taking any anti-hypertensive medication, with the T allele being associated with a high BP. The rs1671021 SNP of LLGL2 was significantly associated with diastolic and mean BP in the dominant model among individuals not taking any antihypertensive medication, with the G allele being associated with a high BP.
The association between systolic or diastolic BP and age in individuals not taking any anti-hypertensive medication was analyzed longitudinally according to genotype with a generalized linear mixed-effect model (Fig. 2) . Systolic ( Fig. 2A) and diastolic ( Fig. 2B ) BP were greater in the combined group of individuals with the CT or TT genotypes of rs6929846 of BTN2A1 than in those with the CC genotype from 40 to 90 years of age. Systolic BP was greater in subjects with the GG genotype of rs146021107 of PDX1 than in the combined group of individuals with the G/-or -/-genotypes (Fig. 2C) . Diastolic BP was greater in the combined group of individuals with the AG or GG genotypes of rs1671021 of LLGL2 than in those with the AA genotype (Fig. 2D) .
Discussion
Given that genetic factors, as well as interactions between multiple genes and environmental factors are important in the development of hypertension (1), the ability to predict the risk of developing hypertension on the basis of genetic variants would be beneficial for the personalized prevention of this condition. In this study, we demonstrated that rs6929846 (T→C) of BTN2A1 was significantly associated with the prevalence of hypertension and also with systolic, diastolic, and mean BP in community-dwelling Japanese individuals, with the minor T allele representing a risk factor for hypertension. We have previously reported that rs6929846 of BTN2A1 is significantly associated with hypertension in a cross-sectional study of a different hospital-based population (31) . We also observed the association of this polymorphism with hypertension in a previous cross-sectional analysis of the Inabe Health and Longevity Study (26) . The results of the present longitudinal population-based study are thus consistent with these previous observations (26, 31) and validate the association of rs6929846 of BTN2A1 with hypertension.
BTN2A1 is a cell-surface transmembrane glycoprotein and a member of the butyrophilin superfamily of proteins. Many of these proteins regulate immune function, and polymorphisms within the coding sequences of the corresponding genes have been associated with the predisposition to inflammatory diseases (32) . We have previously demonstrated that the T allele of rs6929846 of BTN2A1 is associated with an increased risk of developing myocardial infarction and with an increased transcriptional activity of BTN2A1 (15) . The serum concentration of high-sensitivity C-reactive protein was significantly greater in individuals in the combined group of CT or TT genotypes for this SNP than in those with the CC genotype among healthy subjects without neoplastic, infectious, or inflammatory disease (15, 33) . These observations suggest that the T allele of rs6929846 of BTN2A1 may accelerate inflammatory processes.
Previous studies have suggested that chronic vascular inflammation influences BP and vascular remodeling (34) (35) (36) (37) . Systolic and diastolic BP, as well as pulse pressure were thus found to be positively associated with the plasma concentration 
The prevalence of hypertension was compared between 2 groups (the dominant or recessive model) for each polymorphism with adjustment for age, gender, body mass index and smoking status. of interleukin-6 in healthy men (34) . The plasma concentration of high-sensitivity C-reactive protein was also greater in individuals with hypertension than in the controls, and it was shown to be positively associated with systolic BP and pulse pressure (35) . In addition, oxidative stress and vascular inflammation have been shown to influence BP, suggesting that chronic inflammation may play a key role in the pathogenesis of hypertension (36, 37) . In this study, we demonstrated that rs6929846 of BTN2A1 was significantly associated with hypertension, with the minor T allele representing a risk factor for this condition. The enhancement of chronic inflammation by the T allele of rs6929846 may account for its association with hypertension, although the molecular mechanisms underlying the effects of this polymorphism on the development of hypertension remain to be elucidated.
In a previous meta-analysis of cohort studies, a reduction of 10 mmHg in systolic or 5 mmHg in diastolic BP was estimated to result in a 22-25% decrease in the incidence of coronary artery disease and a 36-41% decrease in that of stroke (38) . In our longitudinal analysis, systolic, diastolic and mean BP were each increased by 1 mmHg in individuals with the TT genotype of rs6929846 of BTN2A1 compared with those with the CC genotype. Such a difference is small at the individual level and may not have practical clinical implications. However, even small increments in BP have important effects on cardiovascular morbidity and mortality at the population level, given the high incidence of coronary artery disease, stroke and chronic kidney disease. The reduction in the mortality rate estimated for each 2-mmHg decrease in systolic BP is 4% for coronary artery disease and 6% for stroke (39) . Small differences in average BP at the population level thus result in significant differences in the population mortality rate (39) .
In this study, we observed that the SNPs of PDX1, LLGL2 and FAM78B were also associated with the prevalence of hypertension, as well as with systolic BP among all individuals and individuals not taking any anti-hypertensive medication (PDX1), with diastolic and mean BP among individuals without anti-hypertensive medication (LLGL2), or with diastolic BP among individuals without anti-hypertensive medication (FAM78B). FAM78B is located at 1q24.1, which has previously been suggested to harbor susceptibility loci for hypertension (40) and type 2 diabetes mellitus (41) , although the function of the gene remains unclear. PDX1 is a transcriptional activator at several genes, including those for insulin, somatostatin, glucokinase, islet amyloid polypeptide and glucose transporter type 2 (NCBI Gene). It contributes to the early development of the pancreas and plays an important role in the glucose-dependent regulation of insulin gene expression (42) . A rare frameshift variant of PDX1 was previously found to associated with type 2 diabetes mellitus (43) . We have previously demonstrated that rs146021107 of PDX1 is significantly associated with myocardial infarction (18, 20) , although, to the best of our knowledge, the association of PDX1 polymorphisms with hypertension has not yet been reported. LLGL2 plays a role in asymmetric cell division, the establishment of epithelial cell polarity and cell migration (44, 45) . We have previously demonstrated that rs1671021 of LLGL2 is associated with ischemic stroke (16) , although, to the best of our knowledge, variants of LLGL2 have not yet been associated with hypertension.
The present study had certain limitations: i) given that the study subjects comprised only Japanese individuals, further studies are required on other ethnic groups. ii) It is possible that rs6929846 of BTN2A1 is in linkage disequilibrium with other polymorphisms in BTN2A1 or in nearby genes that are actually responsible for the development of hypertension.
iii) The functional relevance of rs6929846 of BTN2A1 to the pathogenesis of hypertension remains unclear.
In conclusion, the present results suggest that BTN2A1 is a susceptibility gene for essential hypertension in Japanese individuals. The determination of the genotype for rs6929846 may prove informative for the assessment of the genetic risk for hypertension in such individuals.
